Abstract -We fabricate and characterize silicon waveguides and ring resonators around 5.5 µm on the Silicon-on-Sapphire (SOS) platform. The waveguide loss is 4.1 ± 0.7 dB/cm, and a Q value of 1.4k is achieved.
I.INTRODUCTION
The majority of work in silicon photonics has been done in the near-infrared regime. However, the mid-infrared wavelength range is important in many applications like night vision, thermal imaging, and molecular spectroscopy, and has great potential for nonlinear optics. Historically, this has been a difficult regime to work in, due to the lack of a convenient, tunable source, and the absence of single-mode fibers. In recent years the rapid development of QCL lasers have enabled people to build convenient tunable CW solid-state lasers in the 2~10 µ m wavelength regime. Single-mode fibers are now available at wavelengths out to 6 µm [1] , [2] as are midinfrared photodetectors with bandwidths over 1 GHz. With these enabling technologies finally in place, there is a great opportunity to adapt the silicon photonics technology developed for nearinfrared [3] applications to the mid-infrared.
Mid infrared waveguides have previously been proposed on silicon [4] . We have already shown that silicon photonics can be used at longer wavelengths, with a demonstration of low-loss waveguiding in an SOS platform at 4.5 um [5] . In addition to demonstrating that waveguiding is possible at even longer wavelengths, the next steps in developing the SOS platform is to demonstrate that working resonators can be constructed; resonators have found wide applications in the near-infrared as tunable filters [6] , sensors [7] , and as components of modulators [8] . Here we show that SOS waveguides also work in the wavelength range 5.4-5.6 µ m, with a low waveguide loss of 4.1 ± 0.7 dB/cm. We also demonstrate that ring resonators can be constructed in this platform, with Q values of 1.4k demonstrated.
II.DESIGN AND FABRICATION
The waveguides and ring resonators were built on an SOS substrate. One of the main advantages of this platform is that there is no substrate leakage, and no loss from the silicon dioxide, which has a large absorption at wavelengths of 4 µm or longer [8] . The waveguide used have a 1.8µm x 0.6µm cross-section. It is predicted to be single mode at 5.5µm wavelength by a Yee grid based eigensolver. The modal pattern and dispersion relation is shown in Fig. 1 . A number of ring resonators were fabricated, with varying spacing between the waveguide and the ring. Some resonators had drop ports integrated. The ring resonator whose spectra we report here had a 40µm radius and 0.25 µm edgeto-edge spacing from the ring to the waveguide, as well as a drop port. This reduced the dependence of extinction ratio on waveguide loss. The free spectral range of the resonator was predicted to be 30nm. In addition to resonators, we also included waveguides with varying lengths, which enabled us to determine waveguide loss through a linear fit. All of the waveguides were bent at 90 degrees in order to minimize the coupling of unguided light into the detector.
The chip was fabricated by 4nm shot pitch Ebeam with a base dose of 800uC/cm 2 (dose determined via dose matrix) at a beam current of 5nA. The steps were the following: Spin HSQ 2krpm for 60sec then baked for 2 min at 95 o C. This resist layer was hardened with an O 2 plasma. Then the proximity corrected pattern with a base dose of 800uC/cm 2 was exposed with a 5nA current. The chip was developed and then etched using a CF 4 plasma in an Oxford Instruments parallel-plate RIE. After this process, there will be a hardened HSQ mask layer (silicon dioxide) remained on top of the silicon. This layer was removed by an HF dip. A typical SEM micrograph of the resulting processed waveguides is shown in Fig. 2 .
III. MEASUREMENT
The light source used for testing was a Daylight solutions 21052-MHF QCL laser. The output power of laser is 100mW with a 2.6mm waist size, tunable from 5.18µm to 5.65µm. The laser was directed through a 6kHz chopper, an attenuator, two polarizers, then focused down to 20µm spot size by a ZnSe lens. The focused beam was edge coupled to the waveguide, and edge coupled off chip to a PVI-2TE-6 photodetector. The typical insertion loss from the laser to the detector for a short waveguide device was 45 dB.
The 21052-MHF QCL laser does not have a built-in optical isolator; we found that even small amounts of backreflection from our optics system and sample could distort the laser output, causing large fluctuations in laser output power as a function of wavelength. We were forced to use an attenuator in the form of a microscope glass, placed 45 degrees with the laser beam as shown in Fig.2 . Every trip through the glass will attenuate the light by 10 dB. The light reflected from its surface was directed away from the laser, while the portion of the beam that is backreflected was attenuated by a total of 20 dB, considering two trips through the attenuator. We found that this addition to the optical path was sufficient to completely minimize distortion in the laser's output power. To get a wider dynamic range, we used a Signal Recovery 7265 lockin amplifier to filter the output of the photodetector, along with a Scitec 300D chopper. Our first measurements were made to demonstrate waveguiding; we moved the chip laterally, with the laser operating at a wavelength of 5.5µm and power of 100mW. We observed a strong signal that was in close correlation with the spacing of the waveguides. Crucially, several control structures, which had intentionally narrowed waveguides with 1.2 µm widths, did not appear to transmit light. This provides a strong indication that we are not seeing the results of scattering off the end facets of the waveguides. We also checked that the TM polarized light is not guided by the waveguides. The loss of the waveguide was determined to be 4.1+/-0.7 dB/cm based on a regression of 8 waveguide lengths. We note that originally 9 waveguide lengths were tested; however the data from one device was discarded, as it was a clear outlier. The typical noise floor when the laser was not traveling through a waveguide was 20 dB lower than the signal level, as shown in Fig. 3 We also measured the transmission spectrum of waveguides and ring resonators. Unfortunately, the atmosphere exhibits a series of absorption peaks in this wavelength range, which interfered with our testing. In Fig. 4 we present the transmission spectrum of a 0.8 cm long waveguide together with the atmosphere absorption background. The humidity and temperature were monitored throughout our measurements, and did not vary greatly, ranging from around 33% to 45% and the room temperature was between 20 o C and 22 o C. In no case did we see substantial changes in the location or nature of these absorption peaks, just changes in the amounts of absorption. Fortunately, if one simply discards the portion of the spectrum that has significant absorption due to atmosphere, it is still easily possible to identify the resonance peaks due to the ring resonator, as shown in Fig. 4 . We intend to conduct further experiments in a nitrogen-purged environment to reduce this unwanted noise.
The free spectral range of the ring is 30.1nm, nearly exactly as the 30nm predicted by theory. The Q value of the ring is 1.4k. This value is well short of the ultimate Q value of 12k that could be achieved with waveguide losses of 4.1 dB/cm at 5.5 µm. This discrepancy is due to the fact that this resonator is over-coupled; the sample was constructed without prior knowledge of what the waveguide losses would be. We intend to build devices that can approach the ultimate Q in a future run. It is also worth noting that the high frequency fluctuations visible in two non-control specra in Fig 3 likely come from the Fabry-Perot fringes of the long waveguides. Figure 4 wavelength sweep of ring resonator and waveguide. Control experiment the absorption of atmosphere. The wavelength where exists strong atmosphere absorption was shadowed in gray.
